The ability to digest the milk sugar lactose as an adult (lactase persistence) is a variable genetic trait in human populations. The lactase-persistence phenotype is found at low frequencies in the majority of populations in subSaharan Africa that have been tested, but, in some populations, particularly pastoral groups, it is significantly more frequent. Recently, a CT polymorphism located 13.9 kb upstream of exon 1 of the lactase gene (LCT) was shown in a Finnish population to be closely associated with the lactase-persistence phenotype (Enattah et al. 2002). We typed this polymorphism in 1,671 individuals from 20 distinct cultural groups in seven African countries. It was possible to match seven of the groups tested with groups from the literature for whom phenotypic information is available. In five of these groups, the published frequencies of lactase persistence are у25%. We found the T allele to be so rare that it cannot explain the frequency of the lactase-persistence phenotype throughout Africa. By use of a statistical procedure to take phenotyping and sampling errors into account, the T-allele frequency was shown to be significantly different from that predicted in five of the African groups. Only the Fulbe and Hausa from Cameroon possessed the T allele at a level consistent with phenotypic observations (as well as an Irish sample used for comparison). We conclude that the C513.9kbT polymorphism is not a predictor of lactase persistence in subSaharan Africans. We also present Y-chromosome data that are consistent with previously reported evidence for a back-migration event into Cameroon, and we comment on the implications for the introgression of the 513.9kb*T allele.
Introduction
Lactose, a disaccharide, is the principal calorific component of milk. To be absorbed, it must be hydrolyzed, a reaction mediated by the enzyme lactase (lactase-phlorizin hydrolase). In most mammals that have been studied, the level of the lactase enzyme is severely reduced some time after weaning, so adults cannot digest lactose effectively (reviewed in Swallow and Hollox 2000) . However, in humans, the ability to digest lactose throughout adulthood (lactase persistence [MIM 223100]) exists as a dominant Mendelian polymorphic trait (Sahi 1974; Swallow and Harvey 1993) .
Lactase persistence varies widely in frequency among different human populations, both between and within continents. It is generally found at high frequencies in populations of European descent, in which, for example, Dutch and Swedish studies recorded frequencies of 100% and 99%, respectively (reviewed in Swallow and Hollox 2000) . Lactase-nonpersistent individuals (lactose nondigesters) may suffer adverse symptoms from milk ingestion resulting from the breakdown of lactose by bacteria in the gut, varying from mild flatulence to severe abdominal pains and diarrhea.
Although the structure and full exonic sequence of the lactase gene (LCT [MIM 603202] ) has been known since 1991 (Boll et al. 1991) , the causative mechanism for lactase persistence has proved more elusive. Recently, Enattah and colleagues (2002) showed that the T allele of a C/T transition 13.9 kb upstream from exon 1 of LCT in intron 13 of the gene MCM6, here referred to as Ϫ13.9kb*T, was completely associated with lactase persistence in a sample of 196 unrelated Finnish individuals, whose diagnoses were made from intestinal biopsy specimens (lactase persistence: n p 137; lactase nonpersistence: n p 59). Furthermore, 40 lactase-non-persistent individuals from various populations (Germany, Italy, South Korea) were all homozygous for the C allele. Finally, DNA from individuals of unknown phenotype collected in Finland (n p 938), France (n p 17), and the United States (two data sets: African descent [n p 96] and European descent [n p 92]) had frequencies of the CC genotype that appeared to be consistent with the frequencies of lactase nonpersistence reported for those groups. Although no functional mechanism was shown at that time, presence of Ϫ13.9kb*T was proposed as a robust marker for lactase persistence. Very recent studies have suggested that this SNP is located in an enhancer element and that the two alleles show some difference in function (Olds and Sibley 2003; Troelsen et al. 2003) . CϪ13.9kbT typing is now being offered as a genetic test for lactase persistence in Finland (Medix Laboratory), where the strong correlation between the T allele and lactase persistence was first reported, and such testing is being considered for use elsewhere (Buning et al. 2003; Hoegenauer et al. 2003) .
To date, there have been no reports of allele frequencies for the CϪ13.9kbT polymorphism in populations living in Africa. Although the Ϫ13.9kb*T allele frequency in Americans with African ancestry is consistent with their lactase-persistence frequency (Enattah et al. 2002) , there is known to be substantial admixture between African Americans and European Americans (Parra et al. 1998) . Previous studies of African populations showed variation in the frequency of lactase persistence among population groups, as well as a complex pattern of distribution (reviewed in Flatz 1987; Holden and Mace 1997; Swallow and Hollox 2000) . Pastoralists, such as the Fulbe in Nigeria, typically have higher frequencies of lactase persistence than nonpastoralists in the same country-for example, the Yoruba and Igbo (Kretchmer et al. 1971; Olatunbosun and Adadevoh 1971; Ransome-Kuti et al. 1972 , 1975 Flatz 1987; Holden and Mace 1997) . The lactase-persistence phenotype is usually observed at low frequencies in Bantu-and Khoisan-speaking groups (!20%) (Cook and Kajubi 1966; Cook et al. 1967 Cook et al. , 1973 Cox and Elliott 1974; Nurse and Jenkins 1974; O'Keefe and Adam 1983; Segal et al. 1983; O'Keefe et al. 1984) .
We have typed CϪ13.9kbT in 1,671 individuals from 20 different African populations, including both milkdrinking and non-milk-drinking groups. Since phenotype data was not available for these samples, we performed an ethnologically matched group study to determine whether Ϫ13.9kb*T was associated with lactase persistence in seven African samples and in one northern European sample (to provide a comparative group), using a statistical procedure to take both sampling and phenotyping error into account. We show that, in most cases in Africa, the frequency of Ϫ13.9kb*T is too low to explain the observed frequency of lactase persistence.
Material and Methods

Samples
DNA was extracted from buccal swabs collected from males belonging to different groups living in various regions of Africa, including populations that have a history of pastoralism and milk drinking and others that do not (table 1) . DNA was also obtained from a sample of unrelated Irish individuals for comparative purposes. Informed consent was obtained from all donors. Ethical approval was obtained from University College Hospitals and University College London Joint Committee on the Ethics of Human Research (reference number 99/ 0196). Appropriate permissions were obtained in each of the collection countries (reference number for Cameroon 0093MINREST/B00/D00/D10/D12). Each donor provided biographical details, such as self-defined ethnic identity, first and second language, and place of birth, with similar information on his mother, father, maternal grandmother, and paternal grandfather. Individuals were classified as belonging to a given cultural group if their own self-declared identity concurred with that they ascribed to both mother and father. Where there were !10 individuals of the same declared cultural identity, they were classified as "other." Individuals with partially unknown or mixed ancestry at the parental level were also classified as "other." The Ethnographic Atlas (Murdock 1967 ) and a summary table of pastoralists (Blench 1999) were used to obtain information about pastoralism and milk practice, and the Ethnologue Web site was used to check possible linguistic relationships between groups.
Selection of Matched Populations for Which Phenotypic Data Were Available
For many of the population groups, a matching population sample with lactose-tolerance (digestion) data could be found in the literature. Matching samples were selected to fulfill the following criteria: (1) same declared cultural identity and (2) residency in the same country or in a neighboring country. Sources for data on lactase persistence are listed in table 2.
Typing the CϪ13.9kbT Polymorphism PCR primers LAC-C-M-U (5 -GCTGGCAATACAG-ATAAGATAATGGA-3 ) and LAC-C-L2 (5 -CTGCTT-TGGTTGAAGCGAAGAT-3 ) were designed to amplify the region containing the C/T polymorphism (Enattah et al. 2002) . The penultimate base of the LAC-C-M-U primer (G) introduces a base change such that the PCR product will be cut by HinfI when the T allele is present, giving digestion product sizes of 177 bp and 24 bp, but not when the C allele is present, giving a digestion product size of 201 bp. PCR reactions were performed in a total volume of 10 ml containing 200 mM dNTPs, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 0.01% gelatin, 50 mM KCl, 2.0 mM MgCl 2 , 0.13 U Taq polymerase enzyme (HT Biotech), 9.3 nM TaqStart monoclonal antibody (BD Biosciences, Clontech), and 0.3 mM primers. The Taq and TaqStart monoclonal antibodies were premixed prior to being added to the other reagents. Thermal cycling conditions were an initial denaturation stage at 95ЊC for 5 min, then 35 cycles of 95ЊC for 1 min, 59ЊC for 1 min, and 72ЊC for 1 min, followed by a final elongation stage at 72ЊC for 5 min. Digestions were performed at 37ЊC overnight in the original PCR plate in a total volume of 25 ml. Each reaction contained the entire PCR product, 0.25 U of HinfI, 0.01 mg/ml acetylated BSA, and New England Biolabs Buffer 2, as recommended by the manufacturer. The digestion products were run on a 3% agarose gel, and DNA bands were visualized by use of ethidium bromide staining. Gel phenotypes showing a single band of 201 bp (C) or 177 bp (T) were interpreted as genotypes Ϫ13.9kb*CC and Ϫ13.9kb*TT, respectively.
Genotype Error Checking
One positive control (a known CT heterozygote) and a blank were included in every 96-well plate. In addition, a set of 50 randomly selected samples were retyped "blind." All controls and the 50 retyped samples matched the initial typing. As a further control that the results for the SNP matched those reported by Enattah et al. (2002) , our SNP protocol was used for typing phenotyped Finnish individuals. There was a high, although incomplete, correlation between the T allele and lactose-tolerance test results (Poulter et al. 2003) . The level of discrepancy was attributable to inaccuracies of the tolerance testing and was consistent with the error rates we use in our statistical procedure described below.
Statistical Analysis
Our genotype-error-checking procedure (see above) suggested that the genotyping error rate was zero or negligible. However, phenotyping error in the determination of lactose digestion as an indirect test for lactasepersistence status (e.g., by measurement of breath hydrogen or blood glucose) is known to occur at appreciable levels. It is the convention in the medical literature to describe lactose digesters as "negative" and nondigesters as "positive"-that is, giving a positive diagnosis in a lactose-tolerance test. We obtained information on the error rates of false-negative (FN) results (i.e., when a nonpersistent person appears to be a digester) and false-positive (FP) results (i.e., when a persistent person appears to be a nondigester) from three studies in which the correct lactase phenotype was ascertained by peroral jejunal biopsy and from two studies in which the "correct" phenotype was determined by the "gold standard" method. When the "gold standard" method is used, at least two of three separate noninvasive tests (namely, blood glucose, breath hydrogen, and urine galactose) must concur. Error rates for the three studies ascertained by biopsy were as follows (sample sizes in the denominator): (1) blood glucose FN p 6/25 and FP p 1/25, breath hydrogen FN p 0/25 and FP p 0/25 (Newcomer et al. 1975) ; (2) blood glucose FN p 0/7 and FP p 0/8, breath hydrogen FN p 0/7 and FP p 0/8 (Howell et al. 1981) ; and (3) blood glucose not measured, breath hydrogen FN p 5/16 and FP p 2/47 (Arola et al. 1988) . Error rates for the two studies ascertained by the "gold standard" method were as follows (sample sizes in the denominator): (1) (Kurt et al. 2003) . Exact protocols for the blood glucose and breath hydrogen tests varied among the five studies, as they did among the studies on matching populations reported later. However, all protocols involved the measurement of changes in plasma glucose or exhaled hydrogen at one or more time intervals between 30 min and 4 h after administration of at least 50 g lactose. We combined the results from the above five studies to perform a rough averaging over the differences in protocols used (blood glucose FN p 10/116 and FP p 5/73, breath hydrogen FN p 9/132 and FP p 5/120). The combined results suggest that, even if a population has no lactase-persistent individuals, we would expect, by use of one of these two methods, to find between 5% and 10% FNs (i.e., apparent lactose digesters).
Given the above and assuming that the underlying phenotyping error rates acting in these independent studies are applicable to other studies that use the same measurement techniques, we devised a statistical procedure that allowed us to test whether the frequency of lactose digesters predicted by the CϪ13.9kbT genotype data was sufficient to explain the observed frequency found in the phenotyped group. We took both phenotyping error and four possible sources of sampling uncertainty into account: (1) sampling uncertainty in p, the frequency of the Ϫ13.9kb*T in the genotyped group; (2) sampling uncertainty in f n , the frequency of false negatives according to the phenotyping method used; (3) sampling uncertainty in f p , the frequency of false positives according to the phenotyping method used; and (4) sampling uncertainty in L app , the frequency of apparent lactase persistence in the phenotyped group.
The procedure was performed as follows: 1. A value for p was drawn from a Beta(Tϩ1, Cϩ1) [Bayoumi et al. 1981 [Bayoumi et al. , 1982 distribution, where T is the number of T alleles and C is the number of C alleles found in the genotyped group. This beta distribution describes the posterior distribution for p, given the genotype data, assuming a Uniform(0,1) prior.
2. The predicted frequency of true lactase persistence in the population, L true , was calculated as p 2 ϩ2p(1Ϫp) (i.e., the expected frequency of TT ϩ CT genotypes under Hardy-Weinberg equilibrium). 3. Values for f n and f p were drawn from Beta(11,107) and Beta(6,69) distributions, respectively, if phenotyping was by the blood glucose method and from Beta(10,124) and Beta(6,116) distributions, respectively, if phenotyping was by the breath hydrogen method. Again, these beta distributions describe the posterior distribution for f n and f p , given the combined false error rate data reported above and assuming a Uniform(0,1) prior. 4. The predicted frequency of apparent lactose digesters accounting for phenotyping error, L app , was calculated as L true (1Ϫf p ) ϩ (1ϪL true )f n . 5. A simulated value for n L , the number of lactose digesters observed in the phenotyped group was drawn from a Binomial(n,L app ) distribution, where n is the number sampled in the phenotyped group. 6. Steps 1-5 were repeated 100,000 times (N p 100,000) to build up a Monte Carlo sampling distribution for n L under the null hypothesis that the C/T genotype and phenotyping error alone account for the apparent frequency of lactose digesters. 7. Let S g be the sum of simulated n L values greater than or equal to the observed n L value, and let S l be the sum of simulated n L values less than or equal to the observed n L value. A two-tailed P value for the observed n L under the null hypothesis was found as 2 # min(S g ,S l )/N.
Y-Chromosome Haplotypes
Cruciani and colleagues (2002) reported the presence of a non-African Y-chromosome lineage (M173-derived haplotype 117, or R1*, by use of nomenclature of the Y-Chromosome Consortium [2002] ) in population groups from northern Cameroon. These authors suggested this was due to a back-migration event from outside sub-Saharan Africa. We typed our samples for a genealogically similar marker, 92R7 (Mathias et al. 1994) , which is ancestral to M173 but for which intermediate haplotypes (92R7-derived, M173-ancestral) have not been reported in any study of sub-Saharan African populations to date. We also typed 92R7-derived samples for six Y-chromosome microsatellites (DYS19, DYS388, DYS390, DYS391, DYS392, and DYS393) to investigate the intrahaplogroup diversity. Protocols for the typing of 92R7 and the microsatellites are those described by Thomas et al. (1999) . Microsatellite repeat numbers were assigned according to the nomenclature of Kayser and colleagues (1997) . Genetic diversity, h, and its SE were calculated according to the unbiased formulae in the work of Nei (1987) . Since Y-chromosome typing was not successful in 72 of the 1,671 samples, we also report separately the different Y-chromosome sample sizes.
Results
CϪ13.9kbT in Africa
The frequency of Ϫ13.9kb*T was low or zero in most of the African groups tested, whereas it was very high in the Irish sample (table 1). In the African populations, the Ϫ13.9kb*T allele was only found in a few individuals; all but one of these individuals were from Cameroon and lived close to the same market town, Mayo Darle. Of these individuals, there were 10 Fulbe, 4 Hausa, 1 Mambila, and 10 "others" (mixed ancestry or from other ethnic groups). In all but two cases (one Hausa and one "other" individual), the Ϫ13.9kb*T-carrying individuals or one or both of their parents spoke Fulfulde, a Fulbe language. This association between possession of the Ϫ13.9kb*T allele and speaking Fulfulde was significant both in the Cameroonian sample as a whole ( , , Fisher's exact test) and P ! .001 n p 534 in the non-Fulbe Cameroonians ( , , P p .015 n p 485 Fisher's exact test). The one individual from Senegal carrying Ϫ13.9kb*T allele was of mixed Wolof and Toucouleur (Tukulor) ancestry. There were no significant departures from Hardy-Weinberg equilibrium in any of the ascribed ethnic groups where T alleles were observed (by use of the method of Guo and Thompson [1992] ).
It is noteworthy that Ϫ13.9kb*T was not found in East Africa at all, even though the data sets included many known pastoralists and groups with a high frequency of lactase persistence (table 1) .
Matched Populations for Which Phenotypic Data Were Available
In some cases, it was possible to find closely matching populations in the literature that had phenotype information (table 2) . Comparisons of the predicted frequencies of lactase persistence, deduced from the frequency of Ϫ13.9kb*TT and Ϫ13.9kb*CT genotypes, with the reported frequencies obtained from lactose-tolerance testing, showed these were significantly different in all of the African populations except the Fulbe and the Hausa. Only in these two Cameroonian groups was Ϫ13.9kb*T found at frequencies sufficient to explain the raised incidence of lactase persistence. In contrast to the generally poor correspondence between genotypic and phenotypic data in African populations, our Irish sample shows excellent correspondence between predicted and observed frequencies of lactase persistence in the genotyped and phenotyped groups, consistent with the findings of Enattah et al. (2002) .
Y-Chromosome Data
The 92R7-derived haplogroup was extremely rare in the sub-Saharan African populations sampled. Most 92R7-derived chromosomes were found in Cameroon, with 8/42 in the Fulbe, 1/110 in Mambila, 1/65 Kwanja, and 5/113 "others." Outside Cameroon, we found five 92R7-derived chromosomes in northern Sudan (3/11 Shaigi, 2/29 Ga'ali) and one in southern Sudan (1/72 "others"). The microsatellite haplotype diversity of 92R7-derived chromosomes in Cameroon was high, with 10 haplotypes observed among 15 individuals (h p 0.933, SE p 0.0449, average repeat size variance p 0.224).
Discussion
The absence of Ϫ13.9kb*T in most of the African populations typed, which included several milk-drinking groups (table 1), suggests that it is not a reliable predictor of the lactase-persistence phenotype in populations from this region. This, in turn, indicates either that it is not a causative mutation or that it is not the sole causative mutation in all human populations.
This conclusion is consistent with a previous study (Poulter et al. 2003) . In a series of 48 London patients of various ancestry, from whom intestinal biopsies were obtained, the correlations of lactase activity and sucrase/ lactase ratio with Ϫ13.9kb*CT and Ϫ13.9kb*TT genotype were not as tight as might have been expected for a cis-acting causal change. In contrast to this, in a recent Finnish study, the 13.9kb*CT heterozygotes did have activity intermediate between the 13.9kb*CC and 13.9kb*TT homozygotes (Kuokkanen et al. 2003) .
Previous studies have shown that, outside Africa, there are very few common LCT gene haplotypes (A, B, C, and U) (Hollox et al. 2001) , and recent studies in Europeans have shown that linkage disequilibrium extends over at least 1 Mb (Poulter et al. 2003) , as demonstrated clearly by Bersaglieri and colleagues in this issue of the Journal (Bersaglieri et al. 2004 [in this issue] ). The Ϫ13.9kb*T allele is carried on the background of the extended A haplotype that is most common in northern Europeans and may have reached high frequencies as a result of selection (Poulter et al. 2003) . However, many A haplotype chromosomes do not carry T at Ϫ13.9 kb. A comparison of the occurrence of this allele, as well as alleles at other recently described loci that subdivide the A haplotype (such as GϪ22kbA, [Enattah et al. 2002] ), suggests that Ϫ13.9kb*T is the most recent (Poulter et al. 2003) . It is possible that the CϪ13.9kbT transition occurred more recently than another (as yet unknown) mutation that is the true causal change both in Africa and Europe. Recent transfection studies do, however, suggest a functional role for CϪ13.9kbT (Olds and Sibley 2003; Troelsen et al. 2003) .
In a few rare individuals, high expression of the mRNA transcript, encoded by the LCT allele of a non-A haplotype chromosome, has been observed (Poulter et al. 2003) . In particular, a single individual in a United Kingdom cohort was interpreted as being heterozygous for the A and B haplotypes, as well as for CϪ13.9kbT, and showed high expression of lactase from both transcripts, suggesting that there may be heterogeneity of the cause of lactase persistence in Europe (Poulter et al. 2003) .
It seems probable that the C-to-T transition at Ϫ13.9 kb occurred in a non-sub-Saharan African population that contributed to the current population of Europe. If this were the case, then its presence in Cameroon, and especially in people of Fulbe cultural identity or with Fulfulde-speaking ancestry, could be explained by introgression from outside sub-Saharan Africa.
Our Y-chromosome data corroborate the results of Cruciani and colleagues (2002) in finding high frequencies in our Cameroonian samples of a haplogroup that is generally absent from sub-Saharan Africa. Phylogeographic arguments suggest that this haplogroup (R1*, by use of the nomenclature of the Y-Chromosome Consortium [2002] ) has a non-African origin. Cruciani and colleagues (2002) found R1* Y chromosomes at an average frequency of 40% in several northern Cameroonian groups, including one Fulbe group. We found evidence for the same haplotype (typed by use of a marker that appears phylogenetically identical in this part of Africa) in our samples from central Cameroon, with a particularly high frequency (19%) in the Fulbe group that was tested. The Y-chromosome microsatellite diversity we observed indicates that this haplogroup could not have been brought to this part of Africa by a single recent founder. The origins of the Fulbe are the subject of debate, but the group is thought to be from outside Cameroon; on the basis of ethnic traditions and linguistic similarities between Fulbe languages and Tukulor (Toucouleur), an origin in the Futa Toro region of the Senegal river basin has been proposed (Newman 1995) . It is possible that the back-migration event that led to the introduction of R1* into sub-Saharan Africa (Cruciani et al. 2002 ) also brought the Ϫ13.9kb*T allele and that the Fulbe of central Cameroon migrated locally from the north. However, haplogroup R1* is also found at high frequencies in several non-Fulbe groups in the Extreme North Province of Cameroon, where the Ϫ13.9kb*T allele is found at low frequencies (!3%, data not shown). Thus, the demographic processes leading to the presence of the Ϫ13.9kb*T allele in Cameroon may be not be the same as those leading to the Y-chromosome introgression but could instead relate more specifically to Fulbe migration history. Further studies on the distribution of the Ϫ13.9kb*T allele and of other genetic markers in this part of Africa are required to resolve this question.
We have shown that Ϫ13.9kb*T is not associated with lactase persistence in a wide range of African populations. It would now be appropriate to undertake more extensive genotyping and phenotype characterization on the same individuals in multiple African groups. It will be of interest to determine whether lactase persistence is associated with the same or a different haplotype and whether such haplotypes have an extended length consistent with a recent selective sweep, as was found for Europeans (Bersaglieri et al. 2004 [in this issue] ). African populations display multiple lifestyles, with milk-drinking and non-milk-drinking groups often living in close proximity, and have complex demographic histories. Understanding the genetic determinants of lactase persistence in African populations will help explain the genetic history of the lactase-persistence phenomenon and should ultimately have positive implications for public health.
Conclusion
The T allele located 13.9 kb upstream of LCT has been claimed by Enattah and colleagues (2002) as a predictor of lactase persistence in European populations. It does not fulfill that function in sub-Saharan Africans. Use of the CϪ13.9kbT polymorphism as a diagnostic predictor of adult hypolactasia outside Europe should therefore be approached with caution. Our results show that the Ϫ13.9kb*T allele cannot be causal of lactase persistence in most Africans, although it could possibly explain lactase persistence in some Cameroonians. Data presented in this study support the possibility that the presence of the Ϫ13.9kb*T allele in Cameroon is due to introgression from outside sub-Saharan Africa. The combined results from CϪ13.9kbT and the Y-chromosome analysis suggest a complex demographic history for this part of Africa, which includes at least one major introduction of genes from outside the region.
